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Abstract 
There has been an increase in considering the health and aviation safety problem related to bleed air contamination, such as 
ozone, with the continued growth of aviation transportation. In this paper, the DPM (Distributed Parameters Model) was 
employed and extended to numerically investigate the ozone spread in HX (Heat Exchanger), the key component of aircraft ECS 
(Environmental Control System). The equation of mass conservation for each control volume was build, where the flux of the 
ozone deposited to the surface was determined by its local concentration in air and the deposition velocities, which refers to 
analogy analysis between mass transfer and heat transfer. The physical surface deposition and chemical reactions between ozone 
and heat exchanger were both studied with DPM to determine the ozone retention ratio, which could consider the effects of local 
flow and heat transfer condition with affordable computation burden. This study presented some numerical tools to analyze the 
ozone problem in airplane ECS and reveals that the ECS may have a significant effect on airplane ozone removal. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The modern large commercial aircraft equipped with environmental control system to provide outside fresh air 
and regulate the temperature, pressure and humidity in the cabin to create a comfortable environment for passengers. 
The outside air from the bleed air system of engine is directed to the cabin through the ECS, a relative complicated 
system working under some extreme conditions. The engine bleed air is prone to contamination from outside, or 
engine oil. The contaminants, such as ozone, solid particle, oil vapor and so on will be transmitted to the cabin 
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through the ECS. Such contamination may degrade the quality of bleeding air and be threats to the heath of 
occupants and safety of flights [1]. Ozone is a strong oxidant among these contaminants, which can cause eye and 
respiratory irritation effect of short-term exposure at low concentrations, prolonged exposure to high concentrations 
cause respiratory system diseases[2]. Flight crew and cabin attendants of civil airlines have reported some 
uncomfortable or partially incapacitating symptoms associated with it.  The limits of ozone concentration in aircraft 
cabin has been regulated in airworthiness standards [3], and corresponding means of compliance has been presented 
in advisory circulars, such as FAA AC 120-38 [4].   
Currently, most researches focused on the final ozone concentration of in aircraft cabin[5], while there is very 
limited knowledge of the transportation and deposition process of ozone during the whole flow path in ECS of 
aircraft. ECS in aircraft will generally absorb those contaminants, such as ozone, solid dust particles, oil vapor and 
gaseous pollutants, as revealed by experiments conducted by UK CAA and Austrian DSTO[8]. HAVC system in 
building is similar to ECS in aircraft, many authors [6]~ [7] found that the HAVC system will contribute much to the 
total ozone removal. So ECS will contribute much to the ozone retention in cabin, especially the widely applied 
component Heat exchangers (HX), there is still short of tools to investigate the ozone retention inside HX.  
Analytic methods [9] and numerical methods [10] have been developed for heat exchangers based on the integral 
parameter model (IPM) to evaluate heat transfer inside HX, and then the ozone transportation could also be analyzed 
with averaged mass transfer using IPM. However, it has inherent difficulties to characterize the different thermo 
physical properties of every point inside HX, which usually works in extreme conditions, such as the fouling or wet 
conditions. CFD based simulations [11] have been broadly utilized in recent years to yield accurate results through 
solving Navier-Stokes equation with proper flow models, such as wall function, viscosity models and turbulence 
models. However, huge computational burden caused by complex geometry and unclear deposition mechanism 
limits its application. The DPM [12] is a reduced-order model for fast CFD analysis with much less computation 
burden and acceptable precision with the consideration of local thermal physical properties and heat and mass 
transfer characteristics, which has been validated in the flow and thermal analysis of ducts and HX.  Besides that, 
Yang et al [13] have analyzed ozone retention in ducts with DPM successfully.   
This paper extended the DPM further to investigate the ozone spread in HX numerically. It was organized as 
follows, the DPM model for HX Simulation will be developed firstly in Part II, and where the special numerical tool, 
DPM, will be introduced briefly with the basic configuration of HX and the theoretic models for such interaction 
will be presented and validated.  More results were given in Part III along with some applications. The conclusion 
will be drawn at last.  
2. DPM model for HX Simulation 
2.1. Introduction to DPM  
 
 
 
 
 
 
 
 
 
 
Fig. 1  Mesh generation [12] 
The mesh generation method according to different fin surfaces will be illustrated by a rectangle-plain-fined heat 
exchanger, as shown in Fig.1, where the mesh as the dash line and one of the basic elements acquired is in the right 
part. It has definite physical significance, where the width and height of element are fin pitch and height, and its 
length is equal to fin pitch of the other stream passage.  
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The governing equation of element based on energy balance to solve the temperature field is, 
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Where, 1,2,3,4i   presents the four adjacent elements, Ac is cross-sectional area of the element, K and F  are 
the heat transfer coefficient and area. CT  can be presented by the average temperature of inlet and outlet, as, 
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In term of Eq.(2), temperature of all elements can be got by stepwise iteration until the system becomes to be 
stable. 
2.2. Additional equations for mass transfer 
2.2.1. Governing equations 
Here we add the equation of mass conservation to the basic DPM presented by Zhang [12] to solve the ozone 
concentration in whole domain. The equation of mass conservation for the fluid in the element k, as shown in Figure 
1, is 
out, in,k ,k t d E km m l v C dx                                                        (3) 
Using the ozone concentration at inlet and outlet for each element, Eq. (3) could be rewrote as,  
out,k ,k ,k(2 / ) ( )in d EC C ru v x C dx                                                                (4) 
Where, m is the ozone mass flow˄kg/s˅ , tl  is the circumference of flow passages, ,E kC  is the ozone 
concentration at element k, which could be determined using the average concentration at the inlet and outlet, that is, 
, , ,( ) / 2E k in k out kC C C   .  
2.2.2. Determination of deposition velocity dv  
Given ozone concentration at inlet, the concentration could be determined easily at each point after solving the 
Eq. (4) based on the method of calculate surface deposition velocity ( )dv x , which is defined as 1/ 1/ 1/d s tv v v  , 
where  the surface adsorption velocity sv is /4sv vJ  !   and the transportation limit velocity tv  is 
(x) (x) /tv DSh d  ,   Where J is the mass accommodation coefficient (or surface reaction probability), D is the 
contaminant diffusion coefficient in air and related to the kind of the dispersion medium, temperature and pressure,  
Sh(x) is the local Sherwood number.  
Based on the similarity of the mass transfer process and the heat transfer process, the analogy theory is referred 
to o establish the analysis model of Sh  which shall be guaranteed to have similar flow and boundary conditions. For 
the deposition of mass transfer problems, lots of fitting relations established in field of heat transfer can be 
referenced by introducing an analogy factor n, so the corresponding mass transfer calculation formula can be written 
as, (x) ( / Pr)nSh Sc Nuf . More details about the suitable correlations can be found in Reference 13.  
3. Applications and results  
A typical air-air HX in ECS is taken as an example here, where the dimension is 190h114h262(mm) and the 
fins used in two sides are both louvered-fin surfaces. During the performance evaluation, the inlet temperature of hot 
and could side stream are 221ć and 118ć, and the mass flux of those are 0.169 kg/s and 0.338 kg/s. The 
temperature distributions of HX under steady state are demonstrated in Figure 2, where the temperature varied from 
150 to 220 ć
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(a) 12th layer hot stream                                    (b) 13th layer cold stream  
Fig.2. Temperature contour inside the HX,ć   
3.1. Clean HX without fouling on wall surface 
For the clean HX manufactured with aluminium, the surface deposition will be only considered and the general 
the wall surface reaction probability J  is about 53.4 10u . The ozone retention ratio is about 0.98 for one flow 
passage in the middle layer, as shown in Fig. 3(a). The trends of retention ratio in each flow passage are same 
because of the constant material properties were used here. However, due to the huge variation of the distribution of 
temperature inside the HX, the material properties, such as density, viscosity and molecular diffusion coefficient of 
ozone in air, will influenced too and cause the fluctuation of the ozone retention ratio in each flow passage, as 
shown in Fig. 3(b). The retention ratio will decrease heavily where the outlet temperature is high, and the removal 
rate will be twice at the passage near the outlet of cold side than the inlet.  
          
  (a) Constant material properties                     (b) Variable material properties 
Fig. 3.Ozone retention ratio in 12th hot layer, where
53.4 10J  u  
Further investigations on the material properties are given in Fig. 4, where we can find that, the retention ratio 
will decrease with the increasing of the wall surface reaction probability J  and the trends is nonlinear.  Considering 
the effects of the material properties, the retention ratio will decrease much more.   
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Fig 4.  Effects of material properties and wall surface reaction probability on retention ratio 
3.2. Used HX with fouling on wall surface 
For the used HX with fouling on wall surface, the bi-molecular chemical reaction need to be considered, 
because the HX may become reservoirs of atmospheric dust, engine oils and adsorbed organic compounds, which 
can react with ozone.    
Given the first order rate constant of the hypothetical reaction Kb is the level of 10-3, the ozone retention ratio 
could reach 0.87 for one flow passage in the middle layer, as shown in Fig. 5. The ozone removal rate is relative 
high comparing to Fig. 3 due to its larger rate of chemical reaction between the fouling on wall surface. The trends 
of retention ratio in each flow passage are same because of the constant material properties were used here. The 
material properties will cause the fluctuation of the ozone retention ratio in each flow passage, as shown in Fig. 5(b) , 
due to the huge variation of the distribution of temperature inside the HX. The retention ratio will decreased heavily 
where the outlet temperature is high, and the removal rate is much higher at the passage near the outlet of cold side 
than the inlet.  
However, the retention ratio in conditions with variable material property is a little higher than that with constant 
material property in Fig. 5, where the influence of the material properties to the retention ratio is a little different 
between the Fig. 3. The reason is that the surface adsorption velocity in chemical reaction condition is much higher 
than the transportation limited velocity, so the later one contributes much to the final deposition velocity, however it 
is the contrary to the condition of surface deposition.  
 
(a) Constant material properties                               (b) Variable material properties 
Fig.5  Ozone retention in 12th layer of hot side, where
33.8 10bk
 u  
4. Conclusions 
This paper extended the numerical methods, DPM, to investigate the ozone retention in heat exchanger, 
considering both surface deposition and bi-molecular chemical reaction. It reveals more information of ozone 
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transportation process in HX and evaluates the factors affects the retention ratio, which will be helpful for the design 
of the monitor and filter equipment in the bleed air system.   
These tools has been partially validated by the experimentally or numerically through some simple structures with 
different condition. However, such numerical tools need further validation with experiments. 
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